We present a calculation of soft-gluon corrections in FCNC top-quark production via anomalous t-q-g couplings. The soft anomalous dimension matrix is explicitly calculated at one-loop accuracy. This calculation allows threshold resummation at next-to-leadinglogarithm accuracy. We also derive expressions for the soft-gluon corrections at NLO and at NNLO.
Introduction
Top quark production may provide insights into physics beyond the Standard Model, including tree-level flavor-changing neutral currents (FCNC) . Because the top is very massive, new physics pertaining to Electroweak Symmetry Breaking will likely be most strongly coupled to the top quark. In several extensions of the Standard Model these tree-level FCNC processes involve anomalous couplings of the top quark, such as anomalous gluon couplings (see e.g. Refs. [1, 2, 3, 4] ). Thus, FCNC top-quark production may provide a novel window into physics beyond the Standard Model.
Cross sections for such processes are usually given at leading order (LO). It is possible, however, to calculate a class of higher-order corrections from soft-gluon emission that are important near partonic threshold, i.e. when the energy of the incoming partons is just enough to produce a specified final state, with little energy left for additional radiation. Such corrections for FCNC top-quark processes with anomalous t-q-V couplings, involving the top quark and a photon or Z boson, were studied in [5, 6, 7] . It was found that the corrections at next-to-leading order (NLO) and next-to-next-to-leading order (NNLO) provide a significant enhancement of the cross section with a big decrease in the theoretical scale dependence. This is of course relevant for setting limits on t-q-V anomalous couplings.
Another class of anomalous couplings are those involving gluons, i.e. t-u-g or t-c-g, where an up or charm quark interacts with a gluon and changes into a top quark. The Tevatron, HERA and, more recently, the LHC have searched for FCNC processes in the top-quark sector. ATLAS has set limits on t-q-g couplings from 7 TeV [8] and 8 TeV [9] data (see also [10] ), and the latest values are κ tug /Λ < 5.1 × 10 −3 TeV −1 and κ tcg /Λ < 1.1 × 10 −2 TeV −1 [9] . In this paper we calculate the soft-gluon corrections for such FCNC processes. We keep the discussion general so that it can be applied to any specific model. An effective FCNC Lagrangian for top quarks with gluons used in the LHC searches is given by:
where T a are the Gell-Mann matrices, Λ is a new-physics scale which we may take to be the top-quark mass,
are the left and right projection operators, and G a µν is the gauge-field tensor of the gluon.
For compactness we define
For simplicity, in this paper we only consider u contributions since the c contributions are typically small in this regime. Of course the analytical results are the same if we have a charm quark instead of an up quark. Explicitly, the compactified Lagrangian for the t-u-g coupling is given by
This gives rise to the tree-level diagrams shown in Figure 1 .
In the next section we discuss the resummation of soft-gluon corrections via factorization properties of the cross section in moment space. In Section 3 we calculate the relevant oneloop diagrams, and extract the UV pole structure of the results. In Section 4 we derive the soft anomalous dimension matrix that controls the resummation of soft-gluon emission, and present NLO and NNLO analytical expressions for the threshold corrections. We present some numerical results illustrating the size of the corrections in Section 5. We conclude in Section 6. Some details of our calculations are given in the Appendix.
Factorization and Resummation
The partonic processes for FCNC top production via anomalous gluon couplings are of the form
where X denotes any additional radiation beyond LO. We define
where m is the top-quark mass. Thus, s 4 measures distance from partonic threshold, where there is no energy for additional radiation, but the top quark may have arbitrary momentum and is not restricted to be produced at rest. At partonic threshold s 4 = 0 and soft-gluon corrections appear in the perturbative expansion of the cross section in the form of plus distributions of logarithmic terms [(ln k (s 4 /m 2 ))/s 4 ] + , with power k ranging from 0 to 2n − 1 for the n-th order corrections in the strong coupling, α s . The plus distributions are defined by their integral with any smooth function φ, such as parton distributions, as
These logarithmic terms can be formally resummed to all orders in the perturbative expansion [11] . Resummation follows from the factorization properties of the cross section in moment space. We define moments of the partonic cross section by σ(N) = (ds 4 /s) e −N s 4 /s σ(s 4 ), with N the moment variable. Logarithms of s 4 in the physical cross section, σ(s 4 ), give rise to logarithms of N in the moment-space expression for the cross section, σ(N), and the logarithms of N appearing in σ(N) exponentiate.
We write a factorized expression for the moment-space partonic scattering cross section in n = 4 − ǫ dimensions:
is the soft gluon function for non-collinear soft-gluon emission [11, 12] ; it represents the coupling of soft gluons to the partons in the scattering with color tensors c I , c L . Both H IL and S LI are process dependent and they are 3 × 3 matrices in the space of color exchanges in the partonic scattering for the process gu → tg. Because of the non-trivial color structure of this process the calculation is more complicated than for the cases of gu → tZ and gu → tγ studied in [6] where the soft anomalous dimension was simply a function, i.e. a 1 × 1 matrix. The requirement that the product of the factors in Eq. (2.3) be independent of the gauge and the factorization scale results in the exponentiation of logarithms of N. The soft matrix S LI requires renormalization and its N-dependence can then be resummed via renormalization group evolution (RGE) [11] . We have
where S b is the unrenormalized quantity, and Z S is a 3 × 3 matrix of renormalization constants. Thus S LI satisfies the renormalization group equation
where
the number of colors, and n f = 5 the number of light quark flavors; and Γ S with matrix elements
is the soft anomalous dimension matrix that controls the evolution of the soft function S. In dimensional regularization Z S has 1/ǫ poles. Expanding Z S in powers of the strong coupling, 8) and since Z
S has a 1/ǫ pole while β(g s , ǫ) includes a −g s ǫ/2 term in dimensional regularization, we find that Γ S is given at one loop simply by minus the residue of Z S . The soft anomalous dimension Γ S is a 3 × 3 matrix in color space and a function of the kinematical invariants s, t, u.
The resummed cross section in moment space follows from the RGE of all the functions in the factorized cross section, Eq. (2.3), and can be written in the form:
where the first two exponents resum soft and collinear radiation from the incoming gluon and quark and from the outgoing gluon, respectively, and have well-known expressions [13, 14] .
The trace is taken of the product of the color-space matrices H, S, and exponents of Γ S and its Hermitian conjugate, Γ † S . Noncollinear soft gluon emission is controlled by the soft anomalous dimension Γ S , which has the perturbative expansion
We also write the expansions
We determine Γ S from the coefficients of ultraviolet poles in dimensionally regularized eikonal diagrams. The determination of Γ (1) S is needed for next-to-leading logarithm (NLL) resummation and it requires one-loop calculations in the eikonal approximation.
UV poles of one-loop diagrams
In this section we calculate the one-loop diagrams needed for the determination of the one-loop soft anomalous dimension matrix, Γ (1) S . For the partonic process
with momenta p and color labels a, b for the incoming partons and i, j for the outgoing ones, we choose the color basis
We detail some of the results necessary to calculate the soft-anomalous dimension matrix, Γ S , at one loop. For the process that we are considering there are six one-loop vertex corrections and a self-energy correction to the massive top quark. The poles from the one-loop vertex calculations are extracted for each diagram, including the self-energy contributions.
The UV divergent contributions to each S LI from one-loop vertex corrections are shown in the eikonal diagrams of Figs. 2, 3, 4 . The dark blobs in these diagrams denote the color basis tensors. The counterterms for S are the ultraviolet divergent coefficients times our basis color tensors, c I .
We perform our calculations in momentum space and in Feynman gauge. We use the eikonal approximation, where the usual Feynman rules are simplified by letting the gluon momentum approach zero (see the Appendix). Let v µ be a velocity vector proportional to p µ ; we write
Then the eikonal quark-gluon vertex is v µ /(v · k + iǫ) (with additional plus and minus signs) and similarly for the eikonal three-gluon vertex (with additional factors of i) as detailed in the Appendix. We denote the integral describing diagram 1 as I 1 , that for diagram 2 as I 2 , etc. Thus we have the expressions
where we have used the definition
Using Feynman parameterization and relations for n-dimensional integrals [15] , we can separate and determine the UV pole of I(v l , v m ) which is:
We can apply this result to find the UV poles of all six diagrams. However, since v 2 = 0 for massless quarks, we need to add to the above result terms −(α s /πǫ) ln v 2 /2 from the eikonal lines for all massless quarks in each diagram to get the final expressions for the UV poles of all the above six diagrams. We denote each such final expression as I UV 1 , I UV 2 , etc. Thus, we find explicitly
Finally we have to consider the self-energy corrections to the massive top-quark at one-loop. The result is well known and is given by
As mentioned above, the counterterms for S are the ultraviolet divergent coefficients times our basis color tensors, c I . We have
The first line in Eq. (3.8) is for corrections to the color tensor c 1 , the second line is for c 2 and the third for c 3 .
Using the above results and the expressions for the color factors in the Appendix we find
The elements of the soft anomalous dimension matrix can then be simply read from the above equation by dropping overall −1/ǫ factors.
Soft Anomalous Dimension Matrix and soft-gluon corrections at NLO and NNLO
Using the above results we are now ready to write the expression for the soft anomalous dimension matrix at one loop. First we express the dot products between the v µ vectors in terms of the kinematical variables s, t, u. This gives:
Also, v 2 3 = 2/s m. The explicit result for the one-loop soft anomalous dimension matrix in terms of these kinematic variables is
From the moment-space expression for the resummed cross section, Eq. (2.9), we can derive upon inversion to momentum space the soft-gluon corrections in the perturbative expansion of the physical cross section in the strong coupling. Here we present explicitly the NLO and NNLO soft-gluon corrections.
The NLO soft-gluon corrections are
where F B gu→tg is the Born term, and the coefficients are given by c
Note that in the coefficient c gu→tg 1
we have only provided scale-logarithm terms, i.e. terms with the logarithms of the factorization scale, µ F , and the renormalization scale, µ R . A complete NLO calculation would be required to determine the scale-independent terms in c is diagonal and given explicitly by
The lowest-order hard matrix H (0) , used in Eq. (4.8), depends on the specific form of the Lagrangian for the process and can be simply derived from a color decomposition of the Born cross section, since F B = tr(H (0) S (0) ). We have derived such results for the specific Lagrangian of Eq. (1.3), which we present in the next section, but we note that the expressions would differ for other specifications for the Lagrangian. However all the other results in this section are independent of the details of the anomalous coupling.
With the one-loop NLL calculation of the soft anomalous dimension matrix we have been able to determine the full coefficients of all logarithmic terms at NLO. At NNLO the highest power of logarithm is cubic. With our current NLL calculation we can only fully determine the coefficients of the cubic and square powers of the logarithms of s 4 in the plus distributions at NNLO. We can further calculate the ζ terms and all the scale-logarithm terms of the singlepower logarithms of s 4 ; and the ζ terms and squared scale-logarithm terms of the zeroth-power of the logarithms of s 4 . The ζ terms (i.e. the terms involving the constants ζ 2 = π 2 /6 and ζ 3 = 1.2020569 · · ·) arise from the inversion from moment to momentum space. We thus find the NNLO expression for the soft-gluon corrections
We note that all the above results also apply to the corresponding process with antiparticles, gū →tg.
Finally we consider the massless case, i.e. m = 0. In that case the off-diagonal elements of Γ (1) S can be found from the massive case by simply setting m = 0. The diagonal elements become
This result is in agreement with that for the process gq → qg in Ref. [12] , provided one accounts for the known differences between expressions in Feynman gauge (used here) and axial gauge (used in [12] ). Of course the expressions for the physical NLO and NNLO corrections are the same in both gauges. With these results and the previous analytical results in Section 4 we can calculate the NLO soft-gluon corrections. We use MSTW2008 parton densities [16] for our numerical results.
We first study the effect of the NLO soft-gluon corrections at 7 TeV LHC energy. We find that for the central choice of factorization/renormalization scale, µ = m, the NLO softgluon corrections enhance the LO cross section by around 59%. Thus the inclusion of these corrections is necessary for a more accurate theoretical prediction. In Fig. 5 we display the scale dependence of the 7 TeV cross section at LO and approximate NLO (aNLO), where aNLO denotes the sum of the LO result and the NLO soft-gluon corrections. We vary the scale µ by a factor of five around the central µ = m value, i.e. between 0.2m and 5m. We see that the scale dependence is reduced at aNLO relative to LO thus providing a more stable theoretical prediction. The usual way to quote the scale uncertainty is to study the variation between µ = m/2 and 2m. While the uncertainty at LO is +38% -26%, at NLO it is +11% -13%.
We next present the corresponding results at 14 TeV LHC energy. The NLO soft-gluon corrections at µ = m enhance the LO cross section by nearly 58%. In Fig. 6 we display the scale dependence of the cross section at LO and aNLO at 14 TeV. While the reduction in scale is not as dramatic as at 7 TeV, we again see a decrease in the percent uncertainty. While the LO uncertainty with variation over m/2 ≤ µ ≤ 2m is +32% -23%, at aNLO it is +21% -17%. As discussed in the previous section, with NLL accuracy we cannot determine fully the coefficients of all powers of the logarithms of the soft-gluon corrections at NNLO; only the two highest powers are fully known. Therefore we do not offer numerical predictions at NNLO.
Conclusions
We have studied FCNC top-quark production via anomalous gluon couplings beyond leading order, in particular the contribution of higher-order corrections to the cross section due to softgluon emission. Our work extends previous knowledge on FCNC by considering new couplings and channels. We have calculated the soft anomalous dimension matrix for top production via anomalous gluon couplings. NLO and NNLO analytical results for the soft-gluon corrections have been derived. We have kept our calculations general so that they can be of wide use and tailored to any specific Lagrangian with anomalous couplings of the gluon to the top quark. These results will enable numerical calculations of higher-order corrections and the setting of new limits in various FCNC models. We have also illustrated the numerical importance of the soft-gluon corrections in a specific model by showing that they significantly enhance the LO cross section while reducing the theoretical uncertainty from scale variation.
